In this paper, to generate slow light with large group index, wideband, and low dispersion in suggested line defect photonic crystal waveguide, a systematic optimization procedure is performed. Two structural parameters in the adjacent rows of the waveguide are carefully adjusted. Dispersion engineering in the proposed structure is done by using plane wave expansion method. By tuning the structural parameters, normalized delay-bandwidth product (NDBP) with nearly constant group index is significantly improved. In the optimum case, a high NDBP of 0.373 with a group index of 38.6 and a bandwidth of 14.97 nm is obtained, while restricting the group-index variation within a 10% range. Also,a negligible group velocity dispersion over a broad wavelength range is obtained that can cause a small expansion of the pulse through the waveguide.
INTRODUCTION
Slow light propagation in photonic crystal waveguide (PCW) has attracted considerable interest, because of its favorable properties to enhance light-matter interactions and appropriate confinement of light. Furthermore, it has great advantages for future telecommunication networks and information processing systems. In recent years, many researches have been reported in the field of slow light in photonic crystals, which speed of propagating optical pulse is dramatically reduce to a fraction of the light speed in vacuum. Slow light has various applications such as magnetic Faraday rotation [1] , nonlinear effects (higher harmonic generation, wave mixing, etc.) [2] , and also is used in the design of controllable optical delay lines [3] , modulators [4] , phase shifters [5] , efficient optical amplifiers and lasers [6] , biosensors [7] , ultrasensitive optical switches [8] , quantum all-optical data storage [9] , data processing devices and etc [10] .
In order to achieve slow light in photonic crystal structure two basic forms have been used: linedefect waveguides [11, 12] and coupled-cavity waveguides [13] [14] [15] [16] [17] [18] . In recent years, slow light based on line defect waveguide has attracted much attention. By tuning the structural parameters of line-defect waveguides, slow light properties are considerably improved. These tuning mechanism, include changing the width of the line defect [19, 20] , altering the position or radii of the air holes [21] [22] [23] , employing ellipse air holes [24] [25] [26] , eye-shape holes [27] , photonic crystal with ring-shape holes [28] [29] [30] , and liquid infiltration into the air holes [31, 32] . For example, O'Brien and his colleagues, in a chain of 10 coupled photonic crystal heterostructure nanocavities fabricated by standard silicon processing technology, measured the group velocity of c/140 over a bandwidth of 1 nm [14] . Xu et al. by altering the direction of elliptical holes in an alternative row of ellipse-hole PCW obtained a high group index of 42 over a bandwidth of 16.4 nm [25] . In other work our group designed a Si air-bridge photonic crystal waveguide with triangular lattice of ellipse holes and obtained the group index of 41.86 over a bandwidth of 17.06 nm by tuning some waveguide parameters [33] . Ebnali-Heidariet al. presented a technique based on the selective liquid infiltration of photonic crystal waveguides to produce very small dispersion slow light over a substantial bandwidth, and reached the group velocities between c/20 and c/110 [32] . Li et al. in a W1 line defect PCWs, experimentally demonstrated flat band slow light with nearly constant group indices of 32.5, 44 and 49 over 14 nm, 11 nm and 9.5 nm bandwidth, respectively [21] .
In this study, we proposed a novel modified line defect wave guide with a 90 -rotated triangular lattice of air holes. In order to achieve the slow mode with low group velocity and low dispersion over a large bandwidth, dispersion engineering in the proposed structure is performed. Important geometric parameters for improvement of slow light characteristics, including the radius of air holes in the adjacent rows to the waveguide, are tuned.
The remainder of this paper is organized as follows. In Section 2, principle of slow light and tuning process of the proposed structure is presented. Normalized field distribution of guided mode in the presented line defect waveguide is investigated in Section 3. Also, distortion of the short optical pulses through the waveguide is demonstrated. A brief summary of the work is given in Section 4.
BASIC CONCEPTS OF SLOW LIGHT
The velocity of light in a medium is related to the refractive index of the medium, where could be divided into the phase velocity and group velocity. The phase velocity in a medium with refractive index of n is v p =w/k=c/n,where k is the wave vector and c is the velocity of light in vacuum. Phase velocity is constant and can't carry information because medium refractive index does not change significantly and the ratio of c/n is almost constant. In optical communication and delay lines, pulse (wave-packet) is used as an information carrier. The velocity of pulse is expressed by group velocity (v g ). The group velocity of a light wave envelop formed by many frequency components. It is calculated as the first order derivative of the dispersion relation.In most cases, the group index is used instead of group velocity, which indicates slow down factor of propagating pulse compared to c. The group velocity and group index are given by [34] .
wherew is the light frequency andk is the propagation constant. Other important parameter in delay lines is group velocity dispersion (GVD) which can cause significant distortion in short optical pulses. GVD parameter b 2 is expressed by the second order derivative of the dispersion relation as [16] : Also, in order to evaluate the operation of slow light PCWs, the normalized delay bandwidth product (NDBP) is used to represent the trade-off between a large operating bandwidth and a large slow light group index. The NDBP is given as [28] :
where Dw/w 0 is the normalized bandwidth of a slow light region and n g is the average group index. 
PROPOSED STRUCTURE AND NUMERICAL ANALYSIS
The basic structure is shown in Figure 1 . Our presented system consists of asilicon-on-insulator (SOI) platform perforated by 90 -rotated triangular lattice of circular air holes. In the proposed device, a multilayer platform is used. These layers from top to down consist of a silicon layer as the core with thickness of 300 nm, which is used to create a line-defect waveguide; the SiO 2 slab as the lower clad with thickness of 250 nm; and the latest layer is a silicon substrate.By considering the trade-off between fabrication technology and the obtained width of the photonic band gap, the radius of the circular air holes are chosen by R a =0.4a and R b =0.3a, where a is the lattice constant. As shown in Figure 1 , the line-defect waveguide is constructed by removing one line of air holes in the x direction. Also the radii of air holes in the two adjacent rows of line-defect waveguide are r a =0.25a and r b =0.12a. In Figure 1 the white circles is correspond to air holes.
To evaluate the properties of the proposed slow light device, the photonic crystal band structures were determined using plane wave expansion (PWE) method. Accurate modeling requires three-dimensional (3D) calculations which are excessively time and computer memory consuming. For relieving these problems, effective index method (EIM) has been used by converting 3D calculation to approximate 2D calculations. The EIM is conventional procedure for modeling the SOI structures by a 2D system with the background dielectric medium having the effective refractive index of the fundamental guided mode of the slab system [35] [36] [37] . Above mentioned SOI structure has a bandgap for even modes (TE-like) ranging in the normalized frequency (a/l) from 0.228 to 0.282. After several simulations, the effective index of TE-polarized guided slab modes was obtained 3.Band structure of the above mentioned photonic crystal with R a =0.4a and R b =0.3a, are illustrated in Figure 2 . By making defects in the proposed structure, some modes will be created in photonic bandgap. At this moment, the mechanism for generating slow light in PCWs is discussed. The dispersion curve of guided mode in the PCW is made up of two parts. One is the index-guidedmode part and the other is the gap-guided mode part.The energy of the index-guided mode is concentrated inside the defect by the total internal reflection due toindex contrast between the waveguide and its surroundings [38] . The gap-guided mode is confined by distributed Bragg reflection due to the periodic structure within the waveguide. Anintrinsic anticrossing between these modes determines local shape of the guided mode dispersion curve, which its slope determines the group velocity of the mode [39] .
In the proposed structure, the radii of air holes in first two rows adjacent to the waveguide (r a , r b ) have much effect on slow light properties. We study the effects of these parameters on the value of guided-mode's group velocity and slow light bandwidth. In the following subsections, in order to obtain the high value of NDBP, two steps tuning processesare performed on parameters of r a and r b .
The first step to NDBP tuning: Radius of r a
The first dispersion engineering stepon the presented slow light waveguides is achieved by changing the radius of r a . In Figure 3 (a) the dispersion curves ofthe main propagation modes of the PCWs for TE-like modes is presented.In these curves, the linear photonicbands are below the light line of PCW system. This means a good light confinement in thevertical direction of the slab.By increasing the r a ranging from 0.19a to 0.24a, the guided modes are moved to the higher frequencies and the anticrossing point shifts to the left side of band diagram. Therefore, the slope of slow light region is increased.The group index curves corresponding to these modes as a function of the normalized frequency are shown in Figure 3(b) . The obtained results from Figure 3 (b), listed in Table 1 , show that group index and bandwidth are varied from 47.7 to 33.1 and 10.1 nm to 13.76 nm, respectively. Also the NDBP value is changed from 0.311 to 0.364. Therefore, the maximum NDBP = 0.364 is selected for the optimum result, which is correspond to the group refractive index of 37.2 over the bandwidth of 15.81 nm.
The second step to NDBP tuning: Radius of r b
In the second step, the influence of r b is studied on the NDBP for previously tuned value of r a =0.22a.The band diagram variation for r b , ranging from 0.06a to 0.11a, is shown in Figure 4 (a).As can be seen, when r b increases, the band diagram of slow mode experience a little shifts to the higher frequency. The group index variation of these modesis plotted in Figure 4(b) .The results extracted from Figure 4 are listed in Table 2 . It illustrates that, the maximum NDBP = 0.373 is selected as the optimum case for value of r b = 0.09a, which is correspond to the group refractive index of 38.6 over the bandwidth of 14.97 nm.
In the field of slow light, the range of frequencies over which the group index remains constant is considered the useful bandwidth of the device, and is often defined as the range over which the group index remains constant within ±10% [11, 13, 18, 21, 24, 25, 28, 33, 36, 39] . Using such a criterion may seem rather simplistic, and a limitation based on acceptable levels of higher-order dispersion appears more appropriate. However, in practice, it turns out that the 10% criterion is sufficient for most cases, as most experimental situations tend to be limited by propagation losses rather than by dispersive broadening.
The extracted results (bandwidth of slow light region and NDBP) in the Table 1 and Table 2 , is obtained from this convention.
FIELD DISTRIBUTION AND GROUP VELOCITY DISPERSION IN THE OPTIMIZED WAVEGUIDE
According to the previous section, slow light characteristics in the proposed PCW are very sensitive to radius of air holes in the vicinity of waveguide.A high NDBP of 0.373 was achieved for tuned value of the air holes radii (r a =0.22a and r b =0.09a) in first two rows adjacent to the waveguide. In this section, we study the normalized modal field distribution of guided mode and GVD for optimum case. In Figure 5(a) , the photonic band gap guided mode as a function of wavevector is plotted. Figure 5(b) indicates the normalized field distributions forguided mode at three pointswith different wave vectors. These three points have been depicted in Figure 5 (a) as A, B and C, which wave vector at these points are k=0.30(2p/a), k=0.40(2p/a) and k=0.50(2p/a), respectively. As can be seen in Figure 5 (b), the normalized H-field distribution of the selected modeis highly concentrated in Si slab between the first rows adjacent to the line-defect waveguide.When the wave vector is close to the band edge, the H-field concentrates much in the first two rows.
To further study the GVD of relevant mode in the optimized structure is investigated. In Figure 6 the GVD parameter b 2 is plotted as a function of normalized frequency. It can be seen that theGVD parameter b 2 varies from negative value less than -5.5⇥10 5 ps 2 /km to positive value more than 5.5⇥10 5 ps 2 /km. From the definition of the GVD, the obtained GVD value is very small due to the constant group index and within the order of 10 5 ps 2 /km. We should note that GVD changes symmetrically with positive and negative parts which can be used for dispersion compensation application [34] .
CONCLUSION
In summary, wideband and low dispersion slow light were obtained in the line defects waveguide with a 90 -rotatedtriangular lattice of air holes.In order to obtain the high NDBP, step-by-step tuningprocess was performed on the structural parameters in the adjacent rows to the waveguide. Numerical simulations,by using PWE method, shows that in the presented structure, the group index of 33.1 to 47.7, over the slow light bandwidth from 13.76 nm to 10.1 nm were achievable for central wavelength of 1550 nm,respectively.Also, the NDBP value was achieved ranging from 0.294to 0.311. In the optimum case for the structural parameters, a high NDBP of 0.373 with a group index of 38.6 and a bandwidth of 14.97 nm was obtained. Also, the normalized H-field distribution in the optimized waveguide was investigated.Furthermore, the simulation results indicated that a propagating optical pulse through the optimized waveguide has a low relative broadening. Although glad to publish all original and new research achievements, SOP can't bear any misbehavior: plagiarism, forgery or manipulation of experimental data.
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